CO 2 -selective graphene oxide (GO) nano-composite membranes were prepared for the first time by embedding GO into a commercially available poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT) copolymer (PolyActivet). The as-prepared GO membrane shows high CO 2 permeability (143 Barrer) and CO 2 /N 2 selectivity (a = 73).
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Recently, high-performance GO membranes have been developed by filtering/spin coating of GO solution onto a porous support membrane. 1, 3 It should be noted, however, that some of the published data should be considered with care. Kim et al. reported in Science 1 and later in Chemical Communications 13 a CO 2 -permeability of more than 8000 Barrer combined with a CO 2 /N 2 -selectivity of 20. This extraordinarily high permeability is based on a miscalculation. Taking the permeances and thickness of the GO-composite membrane a CO 2 -permeability smaller 1 Barrer is found to be the correct result (see ESI †). Nevertheless, the fabricated GO membranes showed high gas permeances. However, engineering GO membranes on the commercial scale by the aforementioned techniques will be a challenge. Free-standing thin GO membranes are brittle, and a thick layered graphene membrane cannot be used in a practical application process. Also, the different fabrication process would lead to GO membranes having different GO laminates and separation properties. [1] [2] [3] 8, 13 On the other hand, polymer based gas separation membranes have emerged as an ideal candidate for use in large scale industrial separation applications. However, polymer based membranes have as a major drawback, the so-called permeability-selectivity trade off, i.e., either increase in permeability or decrease in selectivity or vice versa. 17 In order to improve the membrane permeability, selectivity and stability for practical industrial applications the development of innovative membranes are required with process efficiency for industrial applications. To address this issue, various porous solid materials have been used as fillers, including zeolites, metal-organic frameworks, carbons, and silica. [18] [19] [20] Recently, GO nanosheets have been incorporated into polymer solutions to obtain selective transport channels for gas separation. 21, 22 Since GO disperses excellently in aqueous media, most of the membranes were prepared using an aqueous solution. To disperse GO nanosheets into a polymer solution, the polymer should be soluble in an aqueous solution or in a water miscible solvent. Here, we have succeeded in incorporating GO into a commercially available PEO-PBT copolymer (PolyActivet, PolyVation, NL) for membrane fabrication. PolyActivet is a promising polymer for manufacturing CO 2 -selective membranes. It has recently been fabricated into pilot scale modules for CO 2 /hydrocarbon separation. 23 The copolymer contains 77 wt% of PEO (1500 g mol
À1
) and 23 wt% of PBT, which possess O-CQO and C-O-C groups in the polymer backbone (Fig. S1 , ESI †) and the copolymer is soluble in tetrahydrofuran (THF). 24 The advantage of the dissolution of PEO-PBT in THF is the miscibility with water. This allowed us to mix an aqueous GO-dispersion with the polymer solution without any phase separation or precipitation of the polymer during GO addition. Membranes with various concentrations of GO (0.025%, 0.05%, 0.065%, 0.075%, 0.125%, 0.25, and 0.5%) were fabricated and denoted as PEO-PBT/GO-025, PEO-PBT/GO-050, PEO-PBT/ GO-065, PEO-PBT/GO-075, PEO-PBT/GO-125, PEO-PBT/GO-250, and PEO-PBT/GO-500, respectively. Fig. 1a shows the photoimages of pure polymer solution and GO dispersed in PEO-PBT copolymer solution. The GO containing polymer solutions showed a very good dispersion of GO in THF/DI water 80 : 20 (w/w) mixture after sonication for 3 h. The GO nanosheets are heavily decorated by oxygen containing functional groups (hydroxyl, epoxide and carboxyl), which are responsible for hydrogen bonding interactions between GO-GO nanosheets and GO-polymer. 25 Fig . S2 (ESI †) shows the ATR-FTIR spectra for pure polymer and GO containing polymer membranes. The bands at 2874 cm
(aromatic ring) represent the PEO-PBT polymer. Further discussion of the ATR-FTIR spectra can be found in the ESI. † Using the stable PEO-PBT/GO suspension, about 60 mm thick dense membranes were prepared by evaporating the solvent at room temperature from a Teflon Petri dish. Fig. 1b shows the digital photograph images of the pristine PEO-PBT membrane, the PEO-PBT/GO dense membrane and the thin film composite membrane fabricated on a polyacrylonitrile (PAN) support. The TEM image of the PEO-PBT/GO-065 membrane in Fig. 1c also confirms the good dispersion of GO nanosheets in the membrane matrix. related to the size of in-plane sp 2 domains. 26 Therefore, the intensity ratio of the D to the G band (I D /I G ratio) is usually considered as an indication for the relative disorder in the structure of the graphene sheets. Further discussion of the Raman spectra can be found in the ESI. † PEO-PBT membranes with various concentrations of GO nanosheets were prepared and single gas permeation measurements were performed for the dense membranes. Fig. S4 (ESI †) shows the constant volume/ variable pressure apparatus for gas permeability measurements. Fig. 2 shows the gas permeability data for various GO containing PEO-PBT membranes and the permeability values are expressed in terms of
). The CO 2 permeability of the pristine PEO-PBT membrane is 150 Barrer. Up to 0.05 wt% GO in the membrane the CO 2 permeability remained nearly a constant. The addition of more than 0.05% GO to PEO-PBT continuously decreased the CO 2 permeability (Table S1 , ESI †). These results are in contrast to the results obtained with Pebax/GO mixed matrix membranes reported by Shen et al. 21 It was shown that the pure Pebax membrane has 70 Barrer of CO 2 permeability and upon addition of 0.1 wt% of GO to the Pebax membrane, the CO 2 permeability increased from 70 Barrer to 100 Barrer. Further addition of GO from 0.1 to 0.5 wt% led to a decrease of the CO 2 permeability from 100 to 30 Barrer. In our case the CO 2 permeability of the PEO-PBT/GO mixed matrix membrane initially showed a CO 2 permeability similar to the pristine PEO-PBT membrane. The CO 2 permeability of PEO-PBT/GO membranes decreased from 150 Barrer to 76 Barrer with an increase in the GO concentration from 0.05 to 0.5 wt% loadings. Moreover, the incorporation GO to the PEO/PBT membrane showed a decrease in gas permeability for other gases such as N 2 , H 2 and CH 4 . From Fig. 3 it can been seen that the CO 2 /N 2 selectivity increased from 52 to 73 with an increase of the GO nanosheet concentration up to 0.0625%. This reveals that a small incorporation of GO nanosheets in the PEO-PBT membrane increases the CO 2 /N 2 selectivity and a further increase in the GO nanosheet concentration maintains the CO 2 /N 2 selectivity (a = 70) with decreasing gas permeability. The CO 2 /CH 4 selectivity for the GO containing membrane was 21, which is higher than that of the pristine PEO-PBT membrane (a = 17). Even at a high loading of GO nanosheets (0.5 wt%) the CO 2 /CH 4 gas selectivity did not change and the selectivity was maintained at 21 with decrease in permeability of both gases (CO 2 and CH 4 ). However, the interesting fact is that at about 0.065% loading of GO the mixed matrix membrane showed a CO 2 /N 2 selectivity of 73 and a CO 2 permeability of 143 Barrer. By incorporating these data in the 2008 Robeson plot (Fig. 4) , the gas permeability data surpass the upper bound curve at very low loadings of GO. Kim et al. 13 reported the high permeance of gases for an ultrathin GO coated polymer support membrane and the permeance order of gases through the GO membranes was CO 2 4 H 2 4 CH 4 4 O 2 4 N 2 . This permeance is not following the kinetic diameter of gases (CH 4 4 N 2 4 O 2 4 CO 2 4 H 2 ), revealing that the permeance of the gases are not based on the size sieving of gas molecules by GO nanosheets. In addition, Shen et al. 21 reported that GO containing Pebax membranes allowed fastest transport of CO 2 and very low permeation of other gases. The gas permeability order of GO embedded Pebax membranes were CO 2 4 H 2 4 CH 4 4 N 2 . Moreover, the CO 2 permeability and selectivity of membranes are significantly enhanced with the increasing amount of GO nanosheets. In this study, the gas permeability order of the PEO-PBT/GO membrane was CO 2 4 H 2 4 CH 4 4 N 2 , which is similar to the gas permeability order reported by Kim 13 and Shen et al. 21 We noted in this study that the gas permeability of the PEO-PBT membrane also had the same permeability order as the pure GO membrane 13 ( Fig. S5, ESI †) . It has been reported that the gas adsorption of GO followed the order of CO 2 4 CH 4 4 N 2 4 H 2 . 3 The high CO 2 sorption capability of GO nanosheets is the main reason for the high CO 2 permeance. The permeability of a gas through the separation membranes is a product of gas diffusivity and solubility. Based on the solution-diffusion model the selectivity of the membranes can be expressed as:
where D is the gas diffusion coefficient and S is the gas solubility coefficient. In the case of PEO-PBT/GO membranes, the CO 2 permeability was not enhanced after the addition of GO, but the N 2 permeability decreased and this led to the increase in CO 2 /N 2 selectivity. The permeability of other gases such as H 2 and CH 4 also decreased with increasing GO content. The GO nanosheets hinder the diffusion of the other gases N 2 , H 2 and CH 4 , which leads to an increase in CO 2 /N 2 , CO 2 /H 2 and CO 2 /CH 4 selectivity. Since GO has a strong affinity for CO 2 , we anticipated that the increase in the GO concentration would lead to an increase in CO 2 permeability. In the GO embedded PEO-PBT membranes the molecular transport occurs through the polymer matrix and the interlayer spacing of GO nanosheets. The stacking of GO nanosheets in the polymer matrix plays a crucial role in the fast molecular transport. Based on our understanding of achieving high molecular transport, the GO nanosheets should be uniformly dispersed in the polymer matrix. We assume a random orientation of the nanosheets in the polymer matrix. Fig. 5 shows schematically the two extreme possible orientations of GO nanosheets in the polymer matrix and the pathways for gas diffusions. The GO nanosheets can be oriented perpendicular and parallel to the membrane surface. The diffusion of gas molecules through perpendicular GO nanosheets passes through the interlayer spacing of GO nanosheets and is then hindered by other GO nanosheets oriented parallel to the membrane surface. The hindrance by the parallel oriented GO nanosheets reduces the speed of permeation of all gases. The gas molecules, which pass through the perpendicularly oriented GO nanosheets significantly control the permeation behaviour of gas molecules. This might explain why at high (0.5 wt%) loadings of GO nanosheets the permeability is reduced for all gases. The SEM images (Fig. S6, ESI †) of the top surface of the PEO-PBT/GO membrane shows a high GO aggregation for the 0.5 wt% GO PEO-PBT membrane. The AFM image (Fig. S7, ESI †) of the PEO-PBT/GO membrane further confirms the aggregation of GO in the membrane surfaces.
We demonstrated the preparation of defect-free thin film composite membranes by coating a PAN porous support membrane with the PEO-PBT/GO solution followed by solvent evaporation. Developing a defect-free thin film composite membrane with high gas permeability and high selectivity is a challenge. We succeeded in developing a defect-free thin film composite PEO-PBT/GO membrane by a simple dip-coating process, which can be up-scaled easily to produce commercial scale gas separation membranes. A 3 wt% PEO-PBT/GO solution was prepared by dissolving a copolymer in THF/DI water (80/20 w/w) and then a porous ultrafiltration PAN support membrane was dip-coated with the PEO-PBT/GO solution. Then, the membranes were dried at room temperature and their gas fluxes were measured. The gas flux and the selectivity are reported in Table S2 (ESI †). The selectivities of the thin film composite membranes were similar to those of the dense PEO-PBT/GO films. The gas permeation data prove the formation of defect free thin film PEO-PBT/GO composite membranes.
In summary, we have successfully prepared a PEO-PBT/GO mixed matrix membrane for the selective separation of CO 2 . The PEO-PBT/GO membranes showed high CO 2 permeability and a CO 2 /N 2 selectivity suitable for practical separation applications. The GO addition to the PEO-PBT membrane increased the CO 2 /N 2 selectivity from 52 to 73, maintaining the same high permeability of a pristine PEO-PBT membrane. We also demonstrated the formation of defect-free thin film composite PEO-PBT/GO membranes by a simple dip coating procedure. The membrane formation by this method has a distinct advantage in terms of facile membrane fabrication for practical CO 2 capture applications.
